Recurrent spontaneous abortion (RSA) is defined as the loss of three or more consecutive pregnancies during the first trimester of embryonic intrauterine development. This kind of human infertility is frequent among the general population since it affects 1 to 5% of women. In half of the cases the etiology remains unelucidated. In the present study, we used interspecific recombinant congenic mouse strains (IRCS) in the aim to identify genes responsible for embryonic lethality. Applying a cartographic approach using a genotype/phenotype association, we identified a minimal QTL region, of about 6 Mb on chromosome 1, responsible for a high rate of embryonic death (,30%). Genetic analysis suggests that the observed phenotype is linked to uterine dysfunction. Transcriptomic analysis of the uterine tissue revealed a preferential deregulation of genes of this region compared to the rest of the genome. Some genes from the QTL region are associated with VEGF signaling, mTOR signaling and ubiquitine/proteasome-protein degradation pathways. This work may contribute to elucidate the molecular basis of a multifactorial and complex human disorder as RSA.
Introduction
Embryonic development in mammals begins from the female and male interaction which leads to the oocyte fertilization. After 5 to 6 cell divisions inside the zona pellucida, the blastocyst undergoes its development conducing to the implantation in the uterine tissue. The external cells of the blastocyst develop into the placenta, a pivotal organ which allows immune tolerance, bidirectional foeto-maternal exchanges and crucial synthesis of gestational hormones [1] . All these biological processes are required for the survival of every mammalian species, and logically, they underlie a high level of complexity. Dysfunctions in these processes can lead to infertility. In humans it is a considerable public health problem, affecting up to 15% of couples. Due to the number of factors involved in a successful reproductive process, the mechanistics of infertility are far to being completely understood.
At present, although hundreds of mutant mouse models with reproductive phenotypes have been generated [2] and substantial progress has been made in the identification of genetic causes of human infertility, more than 70% of the cases are still considered as idiopathic [3] . Among these, recurrent spontaneous abortion (RSA) (defined by the occurrence of at least three successive pregnancy losses) affects one to five percent of couples [4] . This pathology can be the result of chromosomal anomalies [5] , maternal and fetal structural abnormalities [6, 7] , thrombophilic disorders [8] and autoimmune disorders such as the antiphospholipid syndrome [9] . However, in fifty percent of the cases the etiology remains unknown [10, 11] . Up to now, RSA genetic causes have already been explored with variable degrees of success. For instance, in 2006, Kaare et al. analyzed the entire open reading frame of the Amnionless gene (AMN) in patients affected by RSA but no causal mutations could be identified [12] . More recently, the study of Mercier et al. described a statistical association between the p.Val617Phe mutation of the Janus kinase 2 protein and RSA [13] . All in all, the intrinsic difficulty to genetically dissect mammalian reproductive phenotypes, in which hundreds of genes interact into subtle regulatory networks, has not permitted to identify etiological molecular factors that could explain a significant proportion of infertility cases.
In recent years, in order to overcome these constraints we created an original mouse model of interspecific recombinant congenic strains (IRCS) which permit to localize chromosomal regions associated with complex phenotypes (Quantitative Trait Loci or QTL) [14] . This model is composed of 53 strains of mice which harbor, on average, 2% of Mus spretus SEG/Pas genome fixed at homozygous state on Mus Musculus C57Bl6/J (B6) genomic background. Using IRCS animals we have previously shown that 3 QTL of embryonic lethality mapped on a unique spretus fragment in 3 strains, 66H-MMU13, 66H-MMU1 and 135E. The first, Led1 in 66H-MMU13 strain on the MMU13 (,2.6 Mb) comprised between the rs120693734 and D13Mit47 polymorphic genetic markers. The second, Led2 in 66H-MMU1 was analyzed in the present study and the third, Led3 located on MMU19 in 135E strain encompassing a unique Spretus fragment of 8 Mb located between D19Mit49 and D19Mit137 markers. The 66H-MMU1 strain, which encompasses a unique spretus chromosomal fragment located on MMU1 is affected by high levels of embryonic death (24.6%) . This strain encompasses a QTL of embryonic lethality (named Led2) spreading on 32 Mb and containing 215 genes (143 annotated and 72 predicted) [15] .
Here, we present a thorough genetic dissection of Led2. For this purpose, we created 15 substrains from 66H-MMU1 animals, which encompass distinct overlapping spretus fragments. Using in vivo high frequency ultrasonography to follow the embryonic development, we used an approach of type ''phenotype/genotype association'' to refine this QTL of embryonic death. We identified, into the Led2 QTL, one region of approximately 6 Mb, Led2minA, which has a main effect on the rate of embryonic death. In addition, we pointed out a second region, Led2minB, which could also have a small effect on the phenotype, although statistically not demonstrated.
Materials and Methods

Ethics Statement
Procedures for handling and experimentation were conducted in accordance with the policies of the Paris Descartes University, the Cochin Institute and the Guidelines for Biomedical Research Involving Animals. The experiments were approved by the departmental veterinary services of Paris (approval number: A75 14-02).
Animals
The 66H-MMU1 strain was created at the Pasteur Institute (Paris) by successive crosses of the two parental species Mus musculus (C57BL6/J) and Mus spretus SEG/Pas (originating initially from Spain). The design of these crosses was reported in a previous work [16] . For this study, 15 new recombinant substrains were generated by backcrosses of 66H-MMU1 with C57BL6/J mice. After weaning, 4 weeks aged mice were maintained in an animal facility of the Cochin Institute (Paris) at normal temperature (21-23uC) and 14 h light/10 h dark photoperiods with free access to water and food.
Microsatellite Genotyping
DNA was extracted from mouse tail fragments by a standard procedure. Eight new microsatellites located on MMU1 (D1Mit439, D1Mit183, D1Mit44, D1Mit383, D1Mit8, D1Mit384, D1Mit255, D1Mit438) were genotyped in order to precise the boundaries of the spretus segment present in the 66H-MMU1 genome. Primer microsatellites were retrieved from the Mouse Genome Informatic website (MGI) website of the Jackson Laboratory (www.informatics.jax.org). PCRs were performed using Taq DNA Polymerase (New England Biolabs). PCR products were loaded in a 2% Nusieve, 2% agarose gel (Cambrex Bio Science Rockland, Inc).
Phenotyping: Ultrasonographic Examinations
The gestation was obtained by crossing each IRCS female with a C57/BL6 male. Each female was used one time to collect phenotypic data from the primo-gestation. For each group one female per gestation and the number of animals studied is always .4. C57/BL6 females from the control group were crossed with C57/BL6 males. Substrain's phenotyping was carried out at the small animal imaging facility of the Cochin Institute using high frequency ultrasonography (VEVO 770, Visulasonics, Toronto, Canada). Eight to 12 weeks IRCS females were mated with C57BL/6J males, during a period of 2.5 days. Then, female mice were anesthetized with 1.5% of isoflurane in order to achieve ultrasound examination (Minerve Veterinary Equipment, France). Briefly, a chemical hair remover was used to eliminate abdominal hair. Ultrasonographic contact gel was used to ensure contact between the skin surface and the transducer. Body temperature, electrocardiographic and respiratory profiles were monitored using ultrasound device's integrated heating pad and monitoring device (THM150, Indus Instruments, Webster, TX, USA). Examinations were performed using 2 different high frequency probes depending on the size of the embryos: a 60 MHz transducer for early stages of development (RMV708) and a 40 MHz (RMV704) transducer for late developmental stages.
In order to follow the gestation in vivo, three ultrasonographic examinations were performed at three time points (between E7 and E14). During each examination, we assessed the number of implanted embryos in each uterine horn as well as their status (alive or dead) was assessed. For each gestation, the embryonic lethality rate was calculated as the number of resorbed embryos in both horns reported to the total number of implanted embryos.
RNA Extraction and Gene Expression Arrays
Females from IRCS and B6 strains were crossed with B6 males. Each pregnant female was subjected to ultrasonographic examinations in order to precisely determine the embryonic developmental stage. Female mice were euthanized by cervical dislocation and tissues were taken at E12.5. Total RNA of uterine tissue from six mice of the IRC substrain of interest was extracted using TRIzol Reagent (Invitrogen, Carlsbad, CA, USA) in accordance with the manufacturer's instructions. Similarly, six B6 were used to extract total RNA. In order to duplicate microarray hybridizations of samples from uterine tissues, two pools of three RNA extractions were created for both IRCS and B6 animals. One microgram of RNA from IRC substrains of interest and the B6 controls was used for hybridization on a NimbleGen expression array. cDNA synthesis, DNA end-labeling, hybridization, scanning, and data normalization were performed at the genomic/ transcriptomic platform of the Cochin institute. The average fluorescence values for each transcript were collected chromosome per chromosome for each analyzed strain. To evaluate gene expression modifications in IRC strains, these fluorescence levels (considered as expression values) were divided gene per gene by the corresponding ones from B6 which were taken as a reference. The results of the gene expression were deposited at GEO (NCBI) with the accession reference GSE32460.
cDNA Synthesis by Reverse-transcription and Quantitative RT-PCR After RNA preparation, the total RNA was treated with DNase I (Invitrogen Life Technologies) for 10 min at room temperature followed by inactivation with EDTA (Sigma-Aldrich). Total uterus RNA was reverse transcribed to obtain cDNA using M-MLV Reverse Transcriptase (Invitrogen, Carlsbad, CA, USA) following manufacturer's protocols.
Quantitative PCR was carried out using fast SYBR Green Master Mix (Applied Biosystems) and a real time PCR system (Light Cycler 1.5, Roche Diagnostics, Division Applied Sciences, Meylan, France) according to standard PCR conditions. To validate the primers used in qRT-PCR, four pairs of primers were tested for each gene and four housekeeping genes were also tested to choose the reference gene (Table S1 in supplemental data). For quantitative calculations, values were normalized to mouse Cyclophiline A expression. Primer sequences are listed in Table S1 .
Statistical Analysis
Results are expressed as mean6SEM calculated from the variation between individual female. The statistical significance of the differences observed between the mean values of IRCS and the control group (C57BL/6J) samples was evaluated by t-test using the Bonferroni-corrected levels. As we used 7 substrains, a p value ,0.007 (0.05/7) was considered as significant. Statistically significant results are labeled as follows in all figures: *: p,0.05; **: p,0.01; ***: p,0.001.
Results
Creation of 66H-MMU1 Substrains
We started our study using the 66H-MMU1 strain which harbors a high rate of embryonic lethality (24.6%) caused by the Led2 QTL [15] . This QTL of ,32 Mb, which was initially delimited by D1Mit50 (87.0 Mb) and rs6259837 (119.1 Mb) markers located on chromosome 1, corresponds to a spretus fragment carried by the 66H-MMU1 substrain. However, a uncertainty of ,6.4 Mb existed at the proximal boundary of this QTL since the interval comprised between D1Mit134 (80.6 Mb) and D1Mit50 (87.0 Mb) markers corresponds to this distance and the breakpoint is located somewhere between these two markers. Indeed, D1Mit134 and D1Mit50 allele markers are of B6 and spretus natures respectively (http://www.pasteur.fr/recherche/ unites/Gfons/ircs/ircshome.htm). In an attempt to precise the position of the breakpoint, we genotyped 8 novel markers located on this region that permitted to reduce the recombination region to a 2.5 Mb interval comprised between 84.5 Mb and 87 Mb (markers D1Mit438 and D1Mit50 respectively, see Figure 1 ). Then, we initiated a fine mapping approach using fifteen recombinant substrain issued from 66H-MMU1 animals. In each of these strains, a crossing-over fragmented the original DNA region of spretus origin that was initially present in the 66H-MMU1 strain ( Figure 1 ). Among 15 starting strains, seven survived and were available for our study (recombinants, R3, R4, R5, R6, R10, R13 and R14).
In vivo Phenotyping
Females of the different recombinant substrains were crossed with B6 males and their gestation was followed up using in vivo ultrasonography as previously described [15] . Animals obtained from these crosses have a placenta which is heterozygous for all the genes located on the fragment of spretus origin (B6/SEG), while the uterus was homozygous SEG/SEG for the same spretus fragment. The control group was obtained by crossing males and females of the B6 strain. A total of 97 gestations (31 and 66 of B6 and IRCS types respectively) were analyzed. For each gestation, we counted the number of implanted and resorbed embryos during three ultrasonographic examinations. There was no correlation between embryonic death and the position inside the womb, which suggests that the death of one embryo did not have deleterious repercussions on the contiguously implanted structures (Figure 2 ).
We noted a strong variability in the percentage of embryonic death between the different substrains (Table 1) , while apparently the number of implanted embryo was not significantly different. The strains R4, R6, R10, R13 and R14 (group 1) presented a percentage of embryonic death that was not statistically different from that of B6 control animals (1064%, 1965%, 963%, 1265% and 1668% for the five strains, respectively, versus 1262% in the B6 parent). Note that within this group, R6 is distinguished by the highest rate of embryonic death. By contrast, R3 and R5 strains (group 2) presented a percentage of embryonic death (2765% and 2966% respectively) significantly higher than B6 control at p = 0.0013 and p = 0.0045 respectively (Table 1) . Since the mean number of implanted embryos was not different between the substrains compared to the B6 control (Table 1) , we deduced that the increase in embryonic death observed for R3 and R5 IRCS was caused by post-implantation events.
QTL Fine Mapping
In order to refine Led2 localization, we realized an analysis by genotype/phenotype segregation. R3 and R5 strains (which exhibit the phenotype) shared a large spretus region (.84.5 Mb to 90.5 Mb) with the R6 strain (which does not display the embryonic resorption phenotype) and the rest (until ,100.3 Mb) is also shared with the other strains (R4, R10, R13 and R14) which are not affected. This configuration suggests that two spretus regions, shared by R3 and R5 strains and not present together in the other strains, seem to be necessary to explain the apparition of the phenotype in R3 and R5. We defined a first spretus subfragment called Led2minA which encompasses D1Mit50 to Figure 1 . Genomic structure of the IRCS mice in the region of interest of chromosome 1. The map presents the genomic background, spretus or musculus, of the 7 recombinant substrains (Rc) in the chromosomal region corresponding to Led2 QTL. Recombinant strains were generated at the Pasteur institute (Paris) from 66HMMU1 strain by recombination events inside the MMU1 spretus segment. These strains have been genotyped using 24 polymorph markers. Marker positions are given in megabase pairs (Mb). ''S'' corresponds to the marker in a spretus homozygous form and ''B'' to the marker in a musculus (B6) homozygous form. The two minimal spretus regions (Led2minA with main effect and Led2minB with probable weak effect) responsible for the phenotype of interest are highlighted in gray and in gray hatched when coexisting in the same substrain. doi:10.1371/journal.pone.0043356.g001
D1Mit305 region (.84.5 Mb to ,90.5 Mb) and a second region called Led2minB located at the rs3692309 marker (.92.5 Mb to ,100.3 Mb) (see gray boxes in Figure 1 ). When these two spretus regions (Led2min) are separated as in R6 (that contains Led2minA only) or in R4, R10, R13 or R14 (Led2minB only) the phenotype of embryonic death is absent. The presence of the two spretus regions seems indispensable to permit the manifestation of the phenotype, it's the case for R3 and R5 (gray hatched boxes in Figure 1 ). To statistically prove the presence of these two QTLs, Led2minA and Led2minB each one responsible for a part of the effect on the phenotype, and an eventual epistatic interaction between these two QTLs able to increase the embryonic death, we compared several recombinants among themselves, R6 bearing Led2minA, R4 bearing Led2minB and R3 (or R5) bearing these two spretus regions.
The results of statistical t-tests are shown in Figure 3 . When we compared the mean rate of embryonic death between R4 and R3 (or R5), the statistical result (significant difference at P#0.01) proved the presence of Led2minA QTL. By contrast, the comparison between R6 and R3 (or R5), did not statistically indicate the presence of Led2minB QTL. However the embryonic death rates of R3 and R5 both have a tendency to be higher than that of R6 ( Figure 1 ) suggesting a possible very small effect of Led2minB on the phenotype. In the same way, the difference in embryonic death rate between R4 (Led2minB only) and R3 (or R5) was 17%-19% which is comparable to 15%-17% difference between B6 (with no spretus regions) and R3 (or R5) also suggesting a nil or very small effect of Led2minB. In consequence this result did not support the presence of an epistatic interaction between Led2minA and Led2minB regions, but a Led2minB additive effect could be revealed by increasing sample size of this ''QTL'' representative strains. For this raison, the genes present in these two regions, Led2minA and Led2minB are listed in Table 2 .
Is Placenta or Uterus Responsible for the Led2min Effect?
Since R3 and R5 mice did not harbor any obvious developmental anomaly or pathology, excepting for some embryonic death, it was reasonable to suspect that placental and/or uterine dysfunctions could be responsible for the embryonic lethality increase. Thus, we initiated a genetic approach in order to identify in which of these two organs dysfunction could be related with the phenotype. In the previous set of experimental crosses, IRCS females were mated with B6 males. Genetically, this permitted the co-existence of heterozygous foeto-placental alleles (B6/SEG) and homozygous uterine alleles (SEG/SEG) within the same genomic region (spretus fragment). Conversely, we performed reverse crosses (RB6 6 =IRCS), giving a heterozygous placenta for the genes of the fragment, but a B6 homozygous uterus. In this situation, the would-be disorders ought to find their origin exclusively from a placental-fetal/embryonic defect, caused by the spretus state of the MMU1 fragment, but not from a B6 womb defect. In this optic we realized the cross RB6 with =R3 (IRCS group2). We observed that the mean of embryonic resorption rate (6SEM) was 0.0760.04 and not significantly different from the control (RB6 6 =B6: 0.1260.02; p = 0.118) whereas the inverse crossing, leading also to a heterozygous foeto-placental complex implanted in homozygous spretus uterus (R3), produced a significantly higher embryonic resorption rate (0.2760.05, p = 0.001) (Figure 4 ). From this last observation, we concluded that a uterine dysfunction is very likely at the basis of the observed phenotype.
Assessing of Differentially Expressed Genes in Uterus
We analyzed the expression level of uterine genes in pregnant R3 females compared to those from B6 control animals at E12.5, an important time point when most resorption occurred during our study. For this purpose, we hybridized cDNA synthesized from RNA uterine tissue to Nimblegen mouse microarrays. The Nimblegen arrays interrogated a total of 25,631 mouse transcripts. Gene expression levels were quantified by fluorescence intensity assessing and ranged from 20 to .50,000 arbitrary units of fluorescence (AUF) (mean value ,5,250 AUF). These results were highly reproducible since they showed strong correlations between experimental duplicates (r = 0.967 for B6 and 0.983 for R3). Thus, for subsequent analysis, we took the average of both values for each transcript. We first focused on transcripts with fluorescence levels higher than 100 AUF, we assumed that values under this threshold were very close to background signals and, with this threshold, we selected 18,085 transcripts (70.6% of the total). We considered a gene as differentially expressed if a two-fold difference of expression (up or down) was observed. Consequently, 3,436 (19% of the expressed uterine genes) transcripts were modified in R3 uterus when compared to those expressed in B6 (Table 3) . A similar number of repressed and induced genes was observed (10.9% and 8.1%, respectively). This deregulation was identified over all the genome. However a significantly higher proportion of genes were deregulated when only the MMU1 spretus fragment or the two Led2min regions were considered (Table 3) .
In order to validate the differential gene expression obtained by the microarray analysis, we checked 7 genes of the Led2minA QTL region by quantitative RT-PCR. As shown in Table 4 we obtained a very good agreement between microarray and qPCR results.
Considering that the uterine dysfunction can take its origin from a deregulation of the gene expression or/and non-synonymous coding polymorphisms accumulated during independent evolutive processes of Mus musculus and Mus spretus species, we listed the genes of the Led2min QTL corresponding to these criteria and thus potentially involved in embryonic resorption. Finally we considered the transcripts with an expression level .500 AUF and either exhibiting a deregulation (R3/B6 expressional ratio .2 or ,0.5) and the presence of non synonymous polymorphisms between Mus musculus and Mus spretus (provided by SANGER database: http:// www.sanger.ac.uk/) (Table 5) .
Then, we searched whether deregulated transcripts could be grouped into functional clusters using DAVID database [17] , considering 1758 transcripts with a threshold of .500 AUF in the expression level. This analysis led to the identification of five functional groups of genes and signaling pathways that were deregulated, such as ribosome protein genes (p value: 0.00054), endocytosis process (p value: 0.0027), VEGF (vascular endothelial growth factor) signaling (p value: 0.0078), chemokine interactions (p value: 0.011) and mTOR (mammalian Target Of Rapamycin) signaling pathway (p value: 0.014).
Discussion
In the reproductive processes, as in others, hundreds of genes interact into subtle regulatory networks, and this complexity does not permit to easily identify the molecular factors of dysfunctions leading to infertility cases. Moreover, when our interest is turned towards the human clinic, the study of factors involved in reproductive defects is particularly challenging due to obvious ethical constraints, which rends obligatory the use of animal models. However although hundreds of mutant mouse models with infertility/hypofertility phenotypes have been generated [2] , the genetic causes of infertilities are far from being elucidated in their whole [3] . This is the case for the RSA pathology which affects a non negligible percentage of the population (1 to 5%) and for which the genetic origin(s) is still little documented. In the aim to identify new genes responsible for embryonic lethality, we used a mouse model of interspecific recombinant congenic strains (IRCS). Although during the gestation/pregnancy development, mice and humans do not establish exactly the same system of placentation, similarities strong enough between these two species exist, making the mouse model useful to identify genes involved in humans. Indeed, in several mouse models involving the complement system [18, 19] , it has been clearly shown that there is a continuum between embryo resorption and placental diseases, since the same mice have these resorption and preeclampsia-like symptoms [20] . It is also known that C3 defects are clearly linked with VEGF defects, thus inducing defective placentation, leading in the most extreme cases to embryonic death. Therefore, mouse models of embryo resorption via known deregulations of complement system are proved to be suitable models of the human continuum placental vascular disease-spontaneous resorption. A well studied mouse model of immunologically mediated peri-implantation pregnancy loss that shares features with human recurrent miscarriage is derivated from DBA/2-mated CBA/J mice (CBA/J 6DBA/2) [21, 22, 23] . Indeed embryos derived from mating CBA/J females with DBA/2 males showed an increased Table 3 . Number of transcripts modified in uterus of R3 IRCS compared to C57BL6/J.
Genomic region
Expressed Transcripts (.100 AUF) Deregulated transcripts (2-fold threshold) frequency of resorption (29.466.5%), more than three times greater than that seen within these and other strains or strain combinations (CBA/J 6 CBA/J: 8.965.1%; CBA/J 6 BALB/c: 8.265.6%; DBA/2 6 DBA/2: 8.566.6%; n = 6-32 mice/group; CBA/J 6 DBA/2 vs. others, p,0.01) [18] . Spontaneous resorption in the CBA/J 6 DBA/2 model is attributed to NK cells, macrophages, and Th1-type cytokines. and represent a rejection of the semiallogeneic fetoplacental [24] . Murine resorptions are characterized by focal necrosis at the junction of the fetal trophoblast with decidua, an infiltrate of polymorphonuclear leukocytes (with some lymphocytic cells) at sites of necrosis and along the walls of large vessels in decidua, and by thrombosis and hemorrhage [25, 26, 27, 28] . Infiltration begins on day 6.5 of gestation, 2 days after implantation has occurred, and abortions begin after day 8.5 of pregnancy [24, 28] .
In the present work we used a mouse model including interspecific recombinant congenic strains (IRCS). The originality of this whole model is based on the presence of a small homozygous fragments of Mus spretus genome fixed on a Mus musculus B6 genetic background [16] . Thus, a strain differs of each other and from the B6 parental strain by the spretus segments. Mus musculus and Mus spretus diverged ,2 million years ago meaning that the association of their two genomes has the potential to lead to genetic incompatibilities [14] . Using this model, in past studies, we were able to localize various QTL modulating male and female reproductive processes. We identified a QTL responsible for ,25% of the embryonic resorptions present in the IRCS-66H-MMU1 strain containing a solely chromosomal fragment of spretus origin located on MMU1. This QTL was called Led2 and has been mapped to an interval of 32 Mb which contains 215 genes [15] . The aim of the present study was to redefine this region and to identify candidate genes potentially involved in embryonic lethality.
To accomplish the fine mapping of this QTL, we generated recombinant substrains from 66H-MMU1 by backcrosses, each of them presenting a unique sub-fragment of the Led2 QTL. Each recombinant substrain females were crossed with B6 males, resulting in a fetus/placenta complex with heterozygous B6/ SEG genes (at the Led2 locus) and uterine homozygous spretus genes (at the Led2 locus). During each gestation, the substrains were phenotyped in vivo by ultrasonography. This non-invasive technology, based upon a high frequency ultrasound device [29] allows in vivo real time high resolution observations of embryonic development [15, 30] and resorption (,70 mm and ,40 mm lateral and axial resolution, respectively) and permits to carry out longitudinal analysis of gestation. We observed an increase of the embryonic death rate in R3 and R5 substrains (Group 2). The analysis of the genotype/phenotype segregation allowed us to determine two reduced QTL regions (Led2minA and Led2minB) of approximately 6 Mb each, present together in spretus version only in R3 and R5 strains. In the other recombinant substrains which have not the phenotype, the one or the other of the region is present but not the two regions together. So we defined the first reduced spretus region called Led2minA which encompasses D1Mit50 to D1Mit305 region (.84.5 Mb to 90.5 Mb) and the second called Led2minB located at the rs3692309 marker (.92.5 Mb to ,100.3 Mb). Our statistical analysis succeeded in proving the presence of Led2minA QTL responsible for a main effect on embryonic death but it failed it for Led2minB. However, notable differences between the embryonic death rates of certain strains (R6 compared to R3 or R5) led to suppose that this latter region could also have a small effect in the phenotype. Taken together, these data did not support the presence of an epistatic interaction between Led2minA and Led2minB.
Reverse crosses using IRCS Group 2 males and B6 females revealed that the genes expressed at heterozygous state in the placental tissues are not deleterious for the gestation. Therefore, we deduced that the high rate of embryonic death occurring during the gestation resulted from dysfunction of genes expressed in the uterine tissue. This is in accordance with the normal embryonic development observed in group 2 IRCS females. Then, we carried out a microarray analysis searching to identify uterine deregulated genes in IRCS animals from Group 2. Although we observed deregulated genes located in all chromosomes (19%) we noticed that those situated on the spretus fragment were preferentially modified (,40%). This concentration of deregulated genes located on the spretus fragment has already been reported in a previous study of our group performed on testis transcriptome [31] . It has been showed that at genomic scale differential SNPs between Mus musculus and Mus spretus are frequent since they appear, in average, every 100 bp. When located on the promoter regions of spretus origin, these nucleotide substitutions could modify the transactivation/transrepression properties of transcription factors of C57BL/6J nature, thus modifying the spretus gene expressions. Additionally, dysfunctions leading to embryonic death could result from non-synonymous coding polymorphisms, accumulated during evolution in the spretus genome. These phenomena should be originated from evolution of separated genomic regions that produces transcription factors/DNA (''transcriptomic shock'') and/or protein-protein (''proteomic shock'') incompatibilities [32] . Table 5 . Genes of Led2min region expressed in uterus (.500 AUF) and displaying a deregulation (R3/B6 ratio) and/or non synonymous SNP. Focusing on genes of the Led2minA QTL and applying filters from bioinformatics databases, bibliography and our own results, we propose a selection of 7 genes (Trip12, Cab39, Psmd1, Ncl, Cops7b, Eif4e2 and Usp40) as putative actors of the embryonic death. These genes play a role in VEGF signaling, mTOR signaling and ubiquitine/proteasome-protein degradation pathway. Their effects could be reinforced by a small participation of genes situated on Led2minB region and which could act in the same signaling pathways (Asb1, Traf3ip1, Ramp1 and Col6a3).
Trip12, Psmd1, Cops7b and Usp40 from Led2minA and Asb1 from Led2minB are involved in protein degradation process through the ubiquitin-proteasome pathway. Trip12 exerts a ligase activity related to ubiquitination [33] , Usp40 functions as a deubiquitination enzyme in the same degradation pathway [34] and Asb1 is a member of the ankyrin repeat and SOCS box (ASB) family. These family proteins interact with Cul5-Rbx2 to form E3 ubiquitin ligase [35] . Psmd1 is a component of the 26S proteasome. Cops7b is a subunit of the eight-subunit heteromeric Cop9 signalosome complex. Genetic invalidations of some Cop9 subunits have been associated with developmental defects of post-implantation embryos [36, 37, 38] . Additionally, Usp40 functions as a deubiquitination enzyme in the same degradation pathway [34] . Asb1 is a member of the ankyrin repeat and SOCS box (ASB) family. These family proteins interact with Cul5-Rbx2 to form E3 ubiquitin ligase [35] .
In the same manner, Led2minA Ncl gene and Led2minB Ramp1 and Col6a3 genes are involved in angiogenesis. Ncl encodes nucleolin and treatment of endothelial cells with anti-nucleolin antibody induces apoptosis of these cells [39] . Moreover, nucleolin associates with VEGF-C62 and can be potentially involved in epithelial cell adhesion and proliferation [39, 40] . Concerning Ramp1 gene, RAMP1 (receptor activity modifying protein) forms a functional receptor for CALCA (Calcitonin gene-related peptide) which is a proangiogenic growth factor in the human placental development and plays a critical role in embryonic development and fetal growth [41] . Concerning the Collagen typeVI a3 gene, COL IV is a main endometrial extracellular matrix component, and an abnormal increased deposition of collagen might impair uterine function, possibly by interfering with vascularization or retarding remodeling events at implantation [42] .
Finally, Cab39 (also called Mo25) and Eif4e2 from Led2minA and Traf3ip1 from Led2minB, participate in the mTOR signaling pathway, a regulatory step of protein synthesis and growth. Cab39 effect has been described upstream of mTOR activation while Eif4e2 is a downstream signaling target involved in translation initiation. Interestingly, Mtor genetic disruption in mice leads to early embryonic death [43] . Homozygous Traf3ip1 (Tumor necrosis factor alpha receptor 3 interacting protein 1) mutant mice are not viable. Traf3ip1 mutant mouse line was generated and the enlarged mutant cell size in culture was associated with elevated basal mTOR pathway activity [44] . Otherwise, mTOR pathway is implicated on the VEGF pathway activation. It is worth noting that the VEGF and mTOR pathways have been identified as significantly deregulated in our functional clustering analysis.
Conclusions
We used an in vivo approach of the embryonic development on a mouse IRCS model to refine a chromosome 1 region (Led2) responsible for embryonic death. The present study succeeded in fine-mapping Led2minA QTL which has a main effect on the embryonic death (about 30%) and pointed out a second region Led2minB which could have a minor effect on the same phenotype. Collecting and analyzing experimental, bioinformatics and literature data on the expression and function of genes present in the two regions (Led2minA and Led2minB), we propose 7 genes from Led2minA that could be related with the phenotype. It appears that the vascularization could be the common denominator at these categories of genes involving angiogenesis and the fluidity of the extracellular matrix. The actual identification of the gene(s) involved in this phenotype will necessarily pass through further molecular approaches. An important outcome of this study is the possibility to evaluate novel promising candidates of RSA in humans [13] . This might contribute to elucidate the molecular basis of this multifactorial and complex human disorder and to propose new diagnostic markers. 
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